F inite element models (FEMs) of the human head are widely used for studying the biomechanics of traumatic brain injury. 12 FEMs of the human head are virtual computer models representing a human head in great anatomical detail. These models try to offer a better understanding of brain injury tolerance by simulating stress and strain patterns in the skull and brain tissue after impact, mimicking the occurrence of traumatic brain injury as realistically as currently possible. These mod-els try to accurately predict the circumstances that cause traumatic brain injury. To do this, an FEM needs material properties of the brain tissue and skull to correlate a particular applied inertial and contact load to resulting intracranial strains and stresses. Therefore, a correct anatomical representation and use of correct material properties of a child's skull and each intracranial tissue are necessary to develop an FEM of a child's head, capable of realistically simulating the response upon impact. Only such an abbreviations ANCOVA = analysis of covariance; CI = confidence interval; FEM = finite element model; HU = Hounsfield unit; MANOVA = multivariate analysis of variance. surgery, UZ Brussel, Brussels, Belgium obJect Finite element models (FEMs) of the head are used to study the biomechanics of traumatic brain injury and depend heavily on the use of accurate material properties and head geometry. Any FEM aimed at investigating traumatic head injury in children should therefore use age-specific dimensions of the head, as well as age-specific material properties of the different tissues. In this study, the authors built a database of age-corrected skull geometry, skull thickness, and bone density of the developing skull to aid in the development of an age-specific FEM of a child's head. Such a database, containing age-corrected normative skull geometry data, can also be used for preoperative surgical planning and postoperative long-term follow-up of craniosynostosis surgery results. methods Computed tomography data were processed for 187 patients (age range 0-20 years old). A 3D surface model was calculated from segmented skull surfaces. Skull models, reference points, and sutures were processed into a MATLAB-supported database. This process included automatic calculation of 2D measurements as well as 3D measurements: length of the coronal suture, length of the lambdoid suture, and the 3D anterior-posterior length, defined as the sum of the metopic and sagittal suture. Skull thickness and skull bone density calculations were included. results Cephalic length, cephalic width, intercoronal distance, lateral orbital distance, intertemporal distance, and 3D measurements were obtained, confirming the well-established general growth pattern of the skull. Skull thickness increases rapidly in the first year of life, slowing down during the second year of life, while skull density increases with a fast but steady pace during the first 3 years of life. Both skull thickness and density continue to increase up to adulthood. conclusions This is the first report of normative data on 2D and 3D measurements, skull bone thickness, and skull bone density for children aged 0-20 years. This database can help build an age-specific FEM of a child's head. It can also help to tailor preoperative virtual planning in craniosynostosis surgery toward patient-specific normative target values and to perform objective long-term follow-up in craniosynostosis surgery. ©AANS, 2015 J neurosurg Pediatr Volume 16 • December 2015 687 h. delye et al. J neurosurg Pediatr Volume 16 • December 2015 688 creating a normative database of the growing skull J neurosurg Pediatr Volume 16 • December 2015 689
age-specific FEM will be useful in the development and evaluation of new protective headgear for children. Any FEM aimed at investigating traumatic head injury in children should therefore be age adapted, using age-corrected skull geometry, skull thickness, and bone density of the skull instead of using known adult values for these material properties or using a scaled-down geometry pattern for the skull shape.
The human skull displays major structural and geometrical changes during childhood, most prominently during the first 2 years of life, 49 but detailed 3D data on the evolution of skull geometry through childhood is scarce in the literature. Waitzman et al. published a large study in which several craniofacial skeletal measurements were performed on CT scan data, including some measurements of the neurocranium, from birth until 17 years old. 54 This group provided normative data for 2D measurements of the neurocranium, including cephalic length, cephalic width, intercoronal distance, lateral orbital distance, and intertemporal distance. Although this information is essential, it is insufficient to build an age-specific 3D FEM of a skull. Data describing the thickness and bone density of a child's skull are very limited and focus only on the thickness of skull bone in halo pin insertion areas. 13, 15, 27, 30, 55 Therefore, we performed a pilot study to create a normative database, conducting a retrospective study to assess age-specific 3D geometrical data, bone density, and bone thickness of the developing skull based on CT data. As the database grows, it can help build an age-specific FEM of a child's head. Such a database, containing age-corrected normative skull geometry data, can also be used directly to tailor the preoperative (virtual) surgical planning in craniosynostosis surgery toward patient-specific normative target values. 24, 36 It will also facilitate objective postoperative long-term follow-up of craniosynostosis surgery results, allowing for comparison with age-specific normative 3D geometrical data. 35, 50 methods ct data collection Two hundred patients, ranging in age from 0 to 20 years, who underwent a CT scan of the head at the University Hospital Leuven (Belgium) between 2004 and 2006 were contacted; the authors obtained informed consent to participate in the study in 191 cases. The corresponding CT scan data were retrieved from the hospital archive for further processing. Additionally, we obtained 11 CT scan data sets of the heads of children aged 0 to 2 years old, performed at the General Hospital St. Jan (Bruges-Ostend, Belgium). These data are part of a data set used to study the construction of accurate target data for surgical correction of craniofacial anomalies. 6, 16, 38, 39 All CT scans were screened for any pathology influencing the cranial bone, and if present, CT scans were excluded for further analysis. Because most CT scans were performed for minor head trauma workup, only a few presented with pathology influencing the cranial bone (such as tumor or hydrocephalus).
One hundred eighty-seven data sets were analyzed, and both 2D and 3D measurements were obtained ( Fig. 1 ).
Of these 187 data sets, 7 lacked data on the lateral orbital distance and intertemporal distance because the CT scan did not include the orbital walls and the sphenoid wing bone. Six CT scans could not be used for bone thickness and density processing because these CT scans consisted of 2 parts, scanned with a different gantry tilt and lacking some CT slices in between these 2 parts. Because this affected the computed 3D skull models and shells, bone thickness and density could not be calculated. Hence, 181 data sets were available for skull bone thickness and density processing, of which 9 data sets failed thickness processing, 9 data sets failed density processing (both due to computational limits), and 5 sets lacked data on the occipital bone density.
ct data analysis
The CT images were anonymously stored by using DICOM 3.0 as a medical-image file format, and DICOM images were processed using Mimics software (Materialise). The bone surfaces were segmented by applying a threshold on the acquired image volume of radiological densities expressed in Hounsfield units (HUs). A 3D surface model was calculated from these segmented skull surfaces using smoothening techniques and rendered in a virtual scene (Fig. 2 ). This 3D virtual scene approach allowed for the setup of an accurate and reliable anatomical Cartesian 3D cephalometric reference system, allowing for definition of 3D cephalometric bone landmarks. Seven reference points (nasion, anterior fontanel or bregma, posterior fontanel or lambda, right and left sphenoid fontanel or pterion, and right and left mastoid fontanel or asterion) and 10 lines (nose bridge, right and left upper orbital rim, metopic suture, right and left coronal suture, right and left squamosal suture, sagittal suture, and lambdoid suture) were defined, as shown in Fig. 3 .
To compare our data to the data of Waitzman et al., we adopted and adjusted their 2D methods to the 3D surface model. 54 Therefore, in each data set we selected a 2D horizontal CT slice that cut through the most anterolateral points of the lateral ventricles and marked 6 measurement points: the most anterior and posterior points of the outer table of the skull, the widest points of the outer table of the skull, and the outer skull tables at the level of the anterolateral corners of the anterior horns of the ventricle. This allowed for measuring the cephalic length, cephalic width, and intercoronal distance, respectively ( Fig. 4 left) . A second 2D horizontal CT slice through the optical lenses was selected and 4 measurement points were marked: the most anterior tip of each lateral orbital wall and the most medial point of the greater wing of the sphenoid. This allowed for measuring the lateral orbital distance and the intertemporal distance, respectively ( Fig. 4 right) . After defining these measurement points on the 2D view, we adjusted the exact position of these points on the 3D surface model according to the exact anatomical representation, to rule out the bias of different scan parameters, especially scan orientation and subject alignment.
Skull models, characteristic dimensions, fontanels, and sutures were then identified and transferred to a MATLAB environment. All data were automatically processed into a MATLAB-supported database.
The processing included automatic calculation of the 2D and 3D measurements: length of the coronal suture, length of the lambdoid suture, and the 3D anterior-posterior length, defined as the sum of the metopic and sagittal suture. Mean skull thickness and skull bone density were automatically calculated based on smoothened skull shells (consisting of 15,000 triangles) and average number of HUs of skull models, respectively. Mean skull thickness was calculated as the mean of all distances measured between corresponding triangles of inner and outer skull shells, giving rise to 15,000 measurement points. Correlation of HUs with bone density was performed through calibration using a spine phantom with known bone mineral densities. 11, 23 Skull thickness and skull bone density were then derived for the frontal bone, left and right parietal bone, and occipital bone separately, by grouping measurements according to sutures.
statistical analysis
Based on a recent report on references for growth and pubertal development from birth to 21 years of age in Flanders, Belgium, we assumed that the distributions of all dependent variables (i.e., cephalic length, cephalic width, intercoronal distance, lateral orbital distance, intertemporal distance, length of the coronal suture, length of the lambdoid suture, 3D anterior-posterior length, skull bone thickness, and skull bone density) were normal at each age group considered. 46 First, the general linear model was adopted to construct an analysis of covariance (ANCOVA) design to test the relative effect of sex on the dependent variables, controlling for possible interaction with and confounding influence of age (expressed in days) as the continuous predictor variable. Prior to this, the equal variance assumption was tested and found valid using Levene's test (p > 0.1 for all dependent variables).
Second, all data were grouped according to age: age groups of 6-month intervals for patients up to 3 years of age and yearly intervals for older patients. Then we adopted the general linear model to construct a multivariate analysis of variance (MANOVA) to test group means for differences. All calculations were performed using Statistica software (StatSoft Inc.). The level of significance was set at 0.05. Data are presented as means ± standard devia-tions, and 95% confidence intervals (CIs) for the means were calculated.
results statistical analysis
Using an ANCOVA design, we found a statistically significant effect of sex on the whole model, including all dependent variables (2D measurements, 3D measurements, bone thickness, and bone density, p = 0.00003). Subsequently, we investigated the partial effect on all dependent variables separately by performing post hoc Fisher and Bonferroni tests. This showed that sex had a statistically significant effect on all 2D and 3D measurements: all measurements were larger for male patients. There was no statistically significant effect of sex on bone thickness, although there was a statistically significant effect of sex on bone density: female patients showed higher bone density than male patients.
After grouping all data into age groups of 6-month intervals for patients up to 3 years of age and yearly intervals for older patients, we tested group means for differences and explored the effect of sex within each group using a MANOVA design. Again, we found the same statistically significant effect of sex on 2D measurements, 3D measurements, and bone density. However, there was no statistically significant effect of sex on the length of the lambdoid suture and no effect on the bone thickness. Because we wanted to produce normative data, we pooled all data according to age groups without taking sex into consideration, and fit a regression line to the data ( Fig. 5 ).
two-dimensional and 3d measurements
One hundred eighty-seven data sets were analyzed and 2D measurements (i.e., cephalic length, cephalic width, intercoronal distance, lateral orbital distance, intertemporal distance) and 3D measurements (i.e., length of the coronal suture, length of the lambdoid suture, and 3D anterior-posterior length) were obtained. The age and sex distribution of the test population is outlined in Table  1 . Two-dimensional and 3D measurements are shown in Tables 2 and 3, respectively. The general growth pattern of the skull displayed a very fast increase during the first year of life, which slowed down during the second year of life. Growth slowed substantially in the later years and was virtually complete by the age of 13. However, the lateral orbital distance, and to a lesser degree the intertemporal distance, continued to increase throughout childhood ( Table 2) . Fig. 4 . Two-dimensional measurements as described by Waitzman et al. 54 On the left is a 2D axial slice through the most anterolateral points of the lateral ventricles shown, with measurement points defining the cephalic length (distance between 1 and 1'), cephalic width (distance between 2 and 2') and intercoronal distance (between 3 and 3'). On the right, a 2D axial slice through the optical lenses is shown with measurement points defining the lateral orbital distance (between 4 and 4') and the intertemporal distance (between 5 and 5'). 
bone thickness and density
One hundred eighty-one data sets were analyzed for skull bone thickness and density. The age and sex distribution of the test population is outlined in Tables 4 and 5 . Tables 6 and 7 show the bone thickness and the bone density measurements, respectively. The general evolution of the skull thickness displayed a fast increase during the first year of life, which slowed down during the second year of life. This pattern was different from that of the skull density: skull density increased with a fast but steady pace during the first 3 years of life. The skull thickness increase slowed substantially in the later years but did not stop; it continued to increase up to 20 years old ( Fig. 5 upper) . This general trend was the same as for skull density: the skull density increase slowed down after the first 3 years, but kept increasing very slowly up to 20 years old ( Fig. 5  lower) .
However, when investigating the evolution of skull density in more detail, we noticed on top of the general trend a sudden increase in bone density in 6-year-old children, with peak density at the age of 7 (Fig. 6 ). Thereafter, skull bone density dropped again at the age of 8, reaching levels at 9 years old that were consistent with the more steady increase as described above. This steady increase then continued up to 11 years old. At the age of 12, there was again a sudden, less pronounced, increase of bone density, followed by a very slow further increase up to 20 years old ( Fig. 6 ).
discussion
We used 3D CT imaging techniques to identify landmarks and perform measurements. Many validation studies have demonstrated that 3D imaging is accurate and convenient, and that 3D measurement methods are equal or superior to conventional measurement methods. 3, 5, 8, 17, 18, 29, 53, 54 Three-dimensional measurement methods are widely investigated and accepted as valid, but most studies are focused on using these methods for extending known cephalometric analyses used in craniofacial surgery and for developing computer-assisted surgical tools. 4, 28, 34, [42] [43] [44] 48, 50, 52 To our knowledge, this study is the first to present a normative database of explicit, real, 3D cranial measurements using 3D CT imaging techniques.
two-dimensional and 3d measurements
In many previous studies of the craniofacial complex, the standards of growth for males and females were found to be significantly different and consequently were presented separately. 9, 33, 51 However, other investigations, including CT-based normative data studies, have found no significant difference between the sexes or a difference in only some of the measurement variables. 7, 54 In our study, we found that sex had a statistically significant effect on all 2D and 3D measurements: all measurements were larger for male patients. Because we wanted to produce normative data that could be used for tailoring an FEM of the skull to a child's skull of a certain age regardless of sex, we pooled all data according to age groups without taking sex into consideration. Our 2D measurement data correspond well to those obtained by Waitzman et al. (Fig. 7) , and the general pattern of rapid cranial growth in the first few years of life followed by a leveling off has been shown in many cephalometric studies. 1, 14, 54 To our knowledge, 3D measurements of the skull based on 3D CT imaging techniques have not been reported in the literature. Neither did we find any anatomical studies in the literature reporting on the evolution of the length of the cranial sutures. Therefore, we cannot validate our measurements against literature data. We hope that our data will function as a baseline that other investigators will build on, expanding the 3D data collection. We believe that these measurements might be of use to tailor a 3D FEM of the skull to a child's skull of a certain age, providing a more realistic age-dependent skull geometry, as the real 3D relationships will be better described with these measurements than with purely 2D measurements. The use of realistic age-dependent skull geometry, instead of "scaling down" adult skull measurements, will result in more accurate FEMs, allowing for more accurate investigation of head and brain injury mechanisms. If the geometry (and thickness and density) of the skull bone layer in these models more realistically mimics real life by using our data, then one could expect that an impact simulation of these models would better reflect the correct stress and strain patterns in the skull and brain tissue. This could lead to better insight into the pathogenesis of traumatic head injury, perhaps even identification of agespecific injury thresholds. In time, this could lead to development of age-adapted protective headgear, based on age-specific injury thresholds. Marcus et al. also acknowledge the fact that a 3D structure will be better described if some kind of 3D measurements are used instead of purely 2D measurements. 34, 35 In a recent report they presented a semiautomated CT-based application for 3D characterization of skull morphology, using 3D vector analysis. 34 Using a set of vectors emanating at prescribed angles from a single fixed point (the tuberculum sellae), they found that 3D vector analysis provides a finite, comprehensive data set of defined cranial surface points, represented as a point 4  3  7  10  3  6  9  11  2  3  5  12  5  4  9  13  6  3  9  14  4  7  11  15  6  4  10  16  7  5  12  17  1  6  7  18  3  6  9  19  7  3  10  20 1 2 3 3  3  6  10  3  8  11  11  2  3  5  12  5  4  9  13  7  3  10  14  4  6  10  15  5  2  7  16  7  5  12  17  1  5  6  18  3  7  10  19  7  3  10  20  1  2  3  table 6 cloud. According to Marcus et al., these data may be used to provide dimensional analysis and to quantify point-topoint spatial relationships in any plane, allowing a better analysis of skull shape and complete 3D skull morphology. 34 In their subsequent report, Marcus et al. demonstrated this technique but limited the presentation of their normative data to essentially 2D measurements: cephalic width, cephalic length, and the calculated cephalic index. 35 It would be very interesting to compare any explicit 3D measurements derived from their database with the data presented in this study. Saber et al. developed normative pediatric skull models for children for use in cranial vault remodeling procedures. 48 They generated a 3D computational model of the skull based on every set of CT data from normal subjects aged 8-12 months. The models were mathematically registered to a baseline model for each month of age within this range and then averaged, resulting in a single 3D point cloud. From these point clouds, physical skull models were fabricated and used for the creation of surgical remodeling templates. This approach is very useful for creating surgical tools for craniosynostosis surgery but does not generate a normative database of 3D measurements to which we could compare the data presented in this study. It would be very interesting to compare our 3D measurement data to similar measurements derived from the averaged pediatric skull models presented by Saber et al. 48 We believe that our 3D measurements also have a clinical, practical application in craniosynostosis surgery, besides the development of an FEM for brain trauma research. The data in our normative database are based on CT data from normal patients ranging in age from 0 to 20 years old. This allows for the automated identification of patient-specific normative target values at the time of surgery. Our data facilitates preoperative planning of skull remodeling, providing 3D normative target values, such as the 3D anterior-posterior length in scaphocephaly. Although less detailed than the remodeling template approach of Saber et al., our measurements are easy to con-trol for during surgery without the need for development of specific tools. 48 There are an increasing number of reports describing the use of preoperative virtual surgical planning in craniosynostosis surgery and subsequent development of surgical templates. 24, 36 Mardini et al. recently reported on the use of preoperative CAD/CAM techniques to try to remove the subjectivity in designing the operative plan in craniosynostosis surgery. 36 In summary, they do this by comparing a preoperative CT scan of the patient with ageadjusted normative data. Based on this comparison, they plan osteotomies and eventually design templates that can be used intraoperatively. However, their age-adjusted normative data were derived from a large study by Pereira et al. in which 2D measurements of frontooccipital diameter, biparietal diameter, and cranial length were defined on radiographs. 36, 45 We believe that our data could improve techniques such as those described by Mardini et al., by providing more accurate 2D and real 3D measurements to generate normative models instead of only using limited 2D measurements.
. means, standard deviations, and cis of skull bone thickness measurements
However, in contrast to the data reported by Saber et al., 48 or Marcus et al., 34, 35 our database also provides the opportunity to perform long-term evaluation of the performed surgery, based on sound 3D measurements up to the age of 20 years. Our database allows for thorough evaluation of the surgical result in a specific patient over time, by providing age-specific normative data and allowing for a comparison with what is considered "normal." As stated by Khechoyan et al.: 24 It is imperative that the severity of preoperative deformity and the success of surgical reconstruction be compared to normal controls. Simply noting the change achieved with an operation by comparison of preoperative and postoperative imaging ignores the key goal of the surgical intervention: correction of craniofacial difference and attainment of 'normal' appearance.
Khechoyan et al. stress this fact in their recent report on the use of a remodeling bandeau template, but they only used normative data of children aged 8-12 months to plan their surgery and compare their results. When they evaluated their 1-year postoperative surgical results, they used a virtual "ideal" bandeau, but it is not clear how they created this. Because they have not reported normative data on the skull shape of children older than 12 months, it could be that they scaled this bandeau from the original normative data to fit the skull shape of the child at this older age. We believe that our data could be of help in performing a correct comparison with normal controls in time, showing real age-specific 3D measurements. To our knowledge, this is the first time that a set of 3D measurements is presented for the human skull from birth to adulthood. Again, we hope that our data will function as a baseline that other investigators will build on, expanding the 3D data collection. We believe that this normative database, when expanded with more data, might even serve in the future as a reference database for comparing different surgical strategies in the field of craniosynostosis. Only a comparison with normative data of the results of a certain surgical technique at an adult age could allow for critical evaluation of techniques, and might provide some guidance in the abundance of surgical techniques. 
bone thickness
There are very few reports in the literature on the general evolution of bone thickness in children. 38 Some studies report on the optimal sites for placement of halo pins in children. 13, 15, 27, 30, 55 As these studies only report on average thicknesses on these sites, often measured on a single CT slice, it is hard to compare with our data.
In general, the mean skull thickness of the frontal bone and parietal bone in our study is somewhat larger than that reported by studies that use average thicknesses measured on a single CT slice, and corresponds better to the study of Garfin et al., who used mean thicknesses measured on 3 consecutive CT slices. 15, 27, 30, 55 It is comprehensible that results obtained with our method, generating an average thickness for each skull bone, differ to some extent with the results of studies that are focused on bone thickness in a single point.
We did not find any difference in skull thickness by sex.
This is consistent with the study of Loder. 30 However some reports on adult skulls showed a difference in skull thickness by sex. 40, 47 As skull thickness continues to increase in early adulthood, it is possible that a sex-specific difference in skull thickness only becomes clear in adults and is not detectable yet in children and young adults up to 20 years of age. When looking at the evolution of skull thickness, we found that during the first year of life the skull thickness increases rapidly, slowing down during the second year of life. Thickness increase slows substantially in the later years but continues up to 20 years of age. This finding corresponds to the findings of Maves and Matt, who reported that the human calvaria reaches 75% to 80% of its thickness by the age of 5 years, and that the cranial cavity is of adult size when the child is 8 years old. 37 After this age, the calvaria slowly increases in thickness until the age of 20. There are more data in the literature about the skull thickness of adults. Several studies have tried to find a correlation between cranial thickness (or thickness of the cranial diploe) and age, sex, or general body build. 31, 32 However, only the thickness of the diploe of the frontal cranial bone was shown to be significantly larger in males than in females. 32 Other studies have investigated the regional thickness of the skull bones in relation to bone graft harvesting. [19] [20] [21] [22] 40 It is again difficult to compare these data with our findings, as most of these studies report on averages of measurements in selected points. However, in general, our data compares well to the data reported, although our thickness data are slightly larger. [19] [20] [21] [22] 31, 40 bone density
We present age-specific average density data for the frontal, parietal, and occipital bones of the skull. To our knowledge, no studies reporting on the evolution of skull bone density in children have been previously reported.
We found that female patients have a statistically significantly higher bone density than males, although bone thickness did not vary between the sexes. This finding might indicate a variation in differential composition of the skull bone (consisting of 2 layers of cortical bone with a diploe layer in between) between the sexes. Some evidence for this is given in the study of Lynnerup et al., who showed that, in general, the diploe layer is larger in male than in female adult skulls, albeit only statistically significantly larger in the frontal bone. 32 Considering this, it might be useful to try to generate sex-specific bone densities based on a larger study group to use these data in an FEM of a child's skull.
In addition to the general evolutionary trend of skull bone density, we observed an unexpected phenomenon: the mean skull density, and the density of each skull bone separately, showed a steep rise at the age of 6, reaching peak density levels at the age of 7. After that, bone density dropped again quickly at the age of 8, to reach values at the age of 9 that were compatible with the general trend of increase in density (Fig. 6 ). This phenomenon was not present in the evolution of skull bone thickness.
Comparing the evolution of the bone thickness and bone density, we came upon two unexpected observations. First, we found a clear difference in evolution of skull bone thickness and skull bone density: both display a fast increase up to 3 yeas of age, with an average 30% thickness increase (i.e., from ± 3.4 to ± 4.4 mm) and 50% density increase (from ± 700 to ± 1000 mg/cm 3 ). But from 3 years old to 20 years old, the thickness further increased and eventually doubled (to > 7 mm), whereas the density hardly changed further (to ± 1100 mg/cm 3 ). Second, we found an unexpected peaking of the skull bone density at the age of 7 years.
As we are the first to publish skull bone density data for children, we can only hypothesize about the origin of these unexpected findings. First, the density peak at the age of 7 could be the result of selection bias. If, unknowingly, we only selected 6-, 7-, and 8-year-old children with skulls that were denser than those in other children in this age group, then this could be the result. However, all CT scans in this study were reviewed thoroughly and equally. Therefore, we believe it would be an extremely unlikely coincidence that these 22 CT scans would produce a persistent higher skull bone density in such a way that a clear rise, peak, and decline could be noted in all different skull bones. Considering this, we believe that this phenomenon is not the result of selection bias but resembles a true evolution of bone density in children.
Because skull bone thickness does not show a similar trend, but rather a slow and steady increase from the age of 5 to the age of 9, we believe that the bone density increase is a result of variation in differential composition of the skull bone, rather than the total skull thickness. Our methods are based on calculation of the skull bone density by calculation of the average number of HUs of skull models. Accordingly, skull models that consist of skull bone with thick cortical layers and a small diploe layer will give rise to higher density values, and skull models with large air sinuses will give rise to lower density values in our study. It could be that up to the age of 6 the present air sinuses remain relatively small, only becoming relevant later on. However, Brown et al. showed that the median age for the first appearance of the frontal sinus was 3.25 years for boys and 4.58 years for girls. 2 The median age at which the main increase in size of the sinus ceased was 15.68 years for boys and 13.72 years for girls. Furthermore, not only the mean skull bone density, but also the bone density of all skull bones separately, displays this phenomenon in our study. Therefore, we believe that the presence and evolution of air sinuses is of minor importance and does not explain our data.
When examining the literature concerning the ash content of skull bone, we found some interesting data. Currey determined the ash content of adult cranial bone, as a measure of the skull bone mineral content; this author found an adult cranial bone ash content of 63%-68%. 10 Kriewall et al. performed similar tests on the cranial bone in fetuses. 26 They reported a positive correlation between ash content and estimated gestational age, with ash content ranging between 50% and 68%. They stated that by the time the fetus had reached full term, the mineral content of the cranial bones was in the same range as that found in adults, which was supported by their finding of 66% ash content in the skull bone of a 6-year-old child.
Although bone mineral content is not the only factor defining bone density, we believe that the data on skull bone ash content favors our findings: it could be that the increase in skull bone mineral content in very early life accounts for the quick rise in skull bone density during the first 3 years, after which an almost adult amount of mineralization has been reached. In a second paper, Kriewall reported on the stiffness of fetal cranial bone. 25 In the conclusion, Kriewall suggested that the increase in bone stiffness with increasing maturity is mainly a structural effect as opposed to a material effect, because of the very early completion of bone mineralization. This author postulates that from birth to adulthood the skull bone develops an intermediate layer of cancellous bone, creating a honeycomb sandwich-like structure, known for the high stiffness-toweight ratio. This is also concluded by Motherway et al. who stated that "…the development of the diploe layer can thus be considered as a second wave of reinforcement of the skull: by development of the diploe, both cortical layers get separated over a certain distance, allowing the bone to increase its bending stiffness as its internal structure will resemble a symmetrical I-profile". 41 These findings appear to support our data as well.
In conclusion, we hypothesize that skull bone density in children peaks at the age of 7 years because of the variation in differential composition of the skull bone at that time. We hypothesize that in early life the skull bone is growing thicker due to the preferential development of cortical bone layers, without a significant development of a pronounced diploe layer yet. This leads to an increase in density, reaching a peak density at the age of 7. We hypothesize that starting at the age of 7, the diploe is gradually further developed, causing a sudden drop again in bone density.
study limitations
This study was set up as a pilot study to explore the possibility of building a normative database on 2D and 3D measurements, skull bone thickness, and skull bone density for children between 0 and 20 years of age. Therefore, only a relatively small number of CT data sets were included and we decided to pool data using age groups as presented. In the future, as the total number of data sets increases, it would be very interesting to study children younger than 3 years of age in more detail, such as pooling data in 3-month intervals. Also, it would be interesting to produce not only age-specific, but also sex-specific normative data.
One difficulty encountered in building a normative database is the acquisition of sufficient retrospective data. It would be unethical to subject a child to unnecessary radiation, so data must be collected from children for whom CT scans are clinically indicated. The CT data that we were able to collect were heterogeneous in terms of technical specifications. One hundred eighty CT scans were performed conventionally without overlap and with varying slice thicknesses. Eleven CT scans were performed spirally with different slice and interslice distances. Our methods are fairly robust and do not require precise standard routines or subject placement while scanning. Nonetheless, sometimes some measurements could not be obtained due to scanning errors, such as no lateral orbital distance due to lack of orbits on the scan or no density/thickness data due to missing some of the CT slices. Specifically, the extent of the CT scan proved to be very variable; some CT scans did not include the vertex, whereas others did not include the foramen magnum. Although no major problems arose, we think it would be useful to develop a standard scanning protocol to be sure that the entire skull with the orbits is included.
Another limitation of our technique is that it requires powerful calculations on top-end computers. Therefore, a parametric study should be performed to investigate the effect of lowering the number of data points used for averaging skull thickness and density. Finally, our technique remains very time-consuming, requiring manual input of several landmarks and lines. Effort should be put into developing an automated way of recognizing landmarks and sutures, based on a limited input of reference points.
conclusions
To our knowledge, this is the first study to provide normative data on 2D and 3D measurements, skull bone thickness, and skull bone density for children between 0 and 20 years of age. We believe these data can be a start to help to tailor an FEM of the skull to a child's skull of a certain age. This database also provides data for automated identification of patient-specific normative target values and objective long-term follow-up in craniosynostosis surgery.
To reach these goals, however, additional patients should be included using standardized CT scans, to generate sex-specific normative data where appropriate. In addition, techniques should be developed to include the orbits, anterior skull base, sphenoid wing, and temporal skull bone in the processing. Standard techniques should also be implemented to provide regional (i.e., within each skull bone) data on bone density and bone thickness. Finally, the methods should be rendered semiautomated and less dependent on computer calculation power. 
